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ABSTRACT The free energies of reaction and the activation energies are calculated, with DFT 
(B3PW91) and small RECP core potential for uranium, for the reaction of Cp2UNMe and Cp2UO 
with MeC≡CMe and H3SiCl that yields 1,2-cycloaddition and 1,2-addition products, respectively. 
CAS(2,7) and DFT calculations on Cp2UO and Cp2UNMe give similar results, which validates the 
use of DFT calculations in these cases. The calculated results mirror the experimental reaction of 
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[1,2,4-(CMe3)3C5H2]2UNMe with dimethylacetylene and [1,2,4-(CMe3)3C5H2]2UO with Me3SiCl. 
The net reactions are controlled by the change in free energy between the products and reactants, not 
by the activation energies, and therefore by the nature of the UO and UNMe bonds. A NBO analysis 
indicates that the U-O interaction is composed of a single U-O σ bond with three lone pairs of 
electrons localized on oxygen in Cp2UO leading to a polarized U-O fragment. In contrast, the U-
NMe interaction in Cp2UNMe is composed of a σ and π component and a lone pair of electrons 
localized on the nitrogen, resulting in a less polarized UNMe fragment in accord with the lower 
electronegativity of NMe relative to O. The strongly polarized U(+)-O(-) bond is calculated to be about 
71 kcal mol-1 stronger than the less polarized U=NMe bond. 
 
Introduction The synthesis and properties of the uranium metallocene derivatives Cp2’UX where 
Cp’ is 1,2,4-tri-t-butylcyclopentadienyl, X is O or NR, (R is Me or 4-MeC6H4, 4-(MeO)C6H4, 4-
(Me2N)C6H4, have been described.1,2 The solid state structures of the Lewis base adduct of the oxo 
derivative Cp’2UO(4-(Me2N)C6H4N) and the base-free imido derivative Cp’2U(N-4-MeC6H4) show 
that these metallocenes are monomeric in the solid state. The oxo derivative is in equilibrium with 
the base-free metallocene in solution and base-free Cp’2UO was isolated and shown to be a 
monomer in the gas phase. In order to compare the chemical properties of the oxo and imido 
metallocenes, it was desirable to prepare imido derivatives in which the NR group is as sterically 
small as possible so that the electronic differences would be dominant. Although Cp’2UNH could 
not be prepared, the NMe derivative was isolated and shown to be a monomer in gas phase. Thus, an 
isoelectronic set of metallocenes that are as sterically similar as possible was available, so that their 
chemical and physical properties could be studied and compared.  
These studies showed that the imido-metallocenes, R = Me, 4-MeC6H4, react with benzophenone 
rapidly and cleanly to give the oxo-metallocene and Ph2C=NR. This reaction showed that the bond 
dissociation enthalpy of UO was greater than that of UNR by the difference between C=O and 
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C=NR, which has been estimated to be at least 30 kcal mol-1.3 Further, Cp’2UNMe, but not 
Cp’2UN(4-MeC6H4), yielded isolable azacyclobutene derivatives with dimethyl- and 
diphenylacetylene, which are intermediates in the catalytic hydroamination of di-substituted 
acetylenes.1,2,4 In contrast, the oxometallocene did not react with either of these acetylenes, but 
Cp’2UO did react with an excess of Me3SiX reagents, such as Me3SiCl, to give Cp’2U(OSiMe3)Cl, 
however, the imidometallocenes, did not react with Me3SiCl. 
The different reactivity pattern was suggested to result from the ground state electronic structure 
of the metallocenes, viz, the double-bond resonance structure dominates the polar single bond 
resonance structure in Cp’2UNR while the converse is true in Cp’2UO. The reactivity difference can 
be justified by comparing the electron affinity of the isoelectronic fragments; the experimental gas 
phase electron affinity (in electron volts, eV) are: O (1.46 eV),5 NPh (1.45 eV),6  NH( 0.38 eV),7 and 
NMe( 0.022 eV).8 The electron affinity values of O and NMe reflect the relative electronegativities 
of the non-metal atoms, but substituent effects substantially change the electron affinity of the 
nitrene fragment. 
In this article, DFT calculations on Cp2UO and Cp2UNMe, which are justified by multi-reference 
calculations, are reported. The calculations justify and extend the general correctness of the 
qualitative bond model advanced above. In particular, the calculations of the potential energy 
surfaces for the reactions of Cp2UO and Cp2UNMe with various organic molecules show that kinetic 
barriers are relatively low and the reactions are under thermodynamic control, but steric effects play 
a role in manipulating the activation energies in the reactions of the imidometallocenes. 
 
Results  
Strategy 
Computational studies of compounds of the 5f block metals are still relatively rare and these 
studies are described in several recent reviews9 and a database.10 Calculations on these complexes of 
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the 5f block metal are rather challenging because of relativistic and correlation effects, involving the 
5f electrons.11 It is especially important to account for electron correlation in the case of 
energetically degenerated f shells but such calculations require extensive amounts of computational 
time and it is necessary to model the real systems in order to reduce the number of atoms and 
therefore the amount of computational time.12,13 The DFT approach is attractive because it opens the 
possibility of calculating large species but the results should be handled with considerable caution 
since, by definition, DFT calculations cannot be used for highly multi-reference systems, that is, 
those systems that cannot be described by a single configuration, because they can lead to wrong 
conclusions about the electronic ground state of molecules, such as cerocene,14 or to the heat of 
reaction, as in the case of the reduction of uranyl by dihydrogen.12 However, it has been shown that 
the ground state molecular geometry is not sensitive to the f-electronic state15  and DFT methods 
give optimized geometries in agreement with experiment.12,16  Thus, DFT calculations should be 
validated by multi-reference calculations in the case of open shell systems such as the actinide metal 
complexes described in this article. Although uranyl complexes have been studied by computational 
methods,17  these UO22+ species are different from those in this article.  In addition, computational 
studies have been reported only recently on the nitrene analogues.18  
The metallocenes used in the experimental study were [η5-1,2,4-(CMe3)3C5H2]2UO and [η5-1,2,4-
(CMe3)3C5H2]2UNMe, and in the computational studies these complexes were replaced by 
(C5H5)2UO, abbreviated as Cp2UO, and (C5H5)2UNMe abbreviated as Cp2UNMe. The modeling of 
1,2,4-(CMe3)3C5H2 by C5H5 has been used for the computational studies of lanthanides complexes 
reported earlier.  Substituents on the cyclopentadienyl rings certainly influence the spectroscopic 
properties in metallocene complexes, such as CO stretching frequencies in metallocene carbonyl 
compounds.19 However, it is assumed that the relative free energies of the reactants, products, and 
transition states are reproduced correctly when C5H5 replaces the substituted cyclopentadienyl 
ligands, that is, the trends in the relative energies along the potential energy surface are reliable,20 
unless steric effects dominate the electronic effects.  
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In this article, small core ECP calculations are performed on the uranium complexes in order to 
confirm that the DFT methods correctly reproduce the bond lengths and angles obtained in the 
experimental metallocenes. The metallocene described in this article have a 5f2 electronic structure 
and thus are spin triplets above about 50K.21 The triplet state, obtained at the DFT level of 
calculation, is confirmed by CASSCF calculations. The latter calculations also show that the triplet 
states do not exhibit significant multi-reference character and therefore justify the use of single 
configuration methodologies.  Geometry optimizations at the CASSCF level also yield results in 
agreement with the DFT calculations.   
The order of presentation is (a) the free energy of reaction for the reaction of Cp2UNMe and 
Ph2C=O to give Cp2UO and Ph2C=NMe, (b) the potential energy surface for the reaction of 
Cp2UNMe with H2C=O to give Cp2UO and H2C=NMe and (c) the potential energy surfaces for the 
reactions of Cp2UNMe and Cp2UO with MeC≡CMe and H3SiCl are then described. This order of 
presentation is adopted since the free energy changes between the reactants and products are defined 
by the bonding in the UO and UNMe fragments, which leads naturally into a bond model for these 
fragments. All of the energies are reported as free energies (∆G) to account for the change of 
molecularity in the reactions and these trends are verified by calculation of ∆E.  
 
Results 
Reaction of Cp2UNMe with R2C=O, R = Ph, H  
 The initial goal of the computational study is to determine the change in free energy in the 
irreversible experimental reaction illustrated in eq. 1, where Cp is the 1,2,4-tri-t-
butylcyclopentadienyl ligand in the experiment, that is replaced by C5H5 in the calculations.  The 
experimental exchange reaction is general, since the arylimido derivatives Cp’2UN(4-(MeO)C6H4) 
and Cp’2UN(4-(Me2N)C6H4) exchange rapidly with Ph2CO, see Experimental section for details.  
Cp2UNMe + Ph2C=O -> Cp2UO + Ph2C=NR    (1) 
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The reaction illustrated in eq. 1 defines the free energy change and therefore the relative bond 
dissociation enthalpies of the reactants and products. The calculated ∆G for eq. 1 is -26 kcal mol-1, 
close to the experimental value estimated for the difference between a C=O and a C=NR bond 
energy.3,22 In order to calculate the bond dissociation enthalpy of UO relative to UNMe, the free 
energy for dissociation of Ph2C=O into Ph2C and O (both in their triplet ground states) and 
Ph2C=NMe into Ph2C and NMe (both in their triplet ground states) is calculated, resulting in a bond 
dissociation energy for Ph2C=O and Ph2C=NMe of 152 kcal mol-1 and 107 kcal mol-1, respectively. 
This results the UO bond dissociation enthalpy that is 71 kcal mol-1 greater than that of UNMe.23   
The potential energy surface for the reaction symbolized in eq. 1 is calculated for the reaction in 
which Ph2C=O and Ph2C=NMe are replaced by H2C=O and H2C=NMe, respectively. Figure 1 shows 
the free energy profile and Figure 2 shows the structures of the extrema. Figure 1 shows that the 
reaction is exoergic, since ∆G = - 34.8 kcal mol-1, and irreversible. The reaction pathway proceeds 
by way of adduct formation, [U]NMe•OCH2, between the two reactants where [U] is used as a 
symbol for Cp2U. In this adduct, the formaldehyde molecule and the NMe fragment are coplanar; 
rotation of the CH2 group around the O-C bond by 40°, so that the p orbital of CH2 points towards 
nitrogen, yields the transition state that is only 1.2 kcal mol-1 above the adduct. The transition state 
TS1 connects to a four-center intermediate, which is 36.3 kcal mol-1 more stable than the separated 
reactants. The intermediate evolves by crossing a transition state TS2, which is 14.5 kcal mol-1 above 
the intermediate. In TS2, the π orbital of the H2C=NMe molecule and the U-O fragment are 
orientated so that the planes defined by the CH2 and NUO atoms intersect at an angle of 139°. The 
transition state TS2 connects to an adduct between H2C=NMe and Cp2UO, [U]O•N(Me)CH2, which 
is 42 kcal mol-1 below the separated reactants. In [U]O•N(Me)CH2, UO and N(Me)CH2 are also 
coplanar  so that the π orbital of the C=N bond does not point towards the UO bond. The free energy 
of the separated products Cp2UO and H2C=NMe is higher than [U]O•N(Me)CH2 by about 10 kcal 
mol-1, in accord with isolation of pyridine adducts in the experimental study.1 The net reactions are 
made of a cycloaddition followed by cycloreversion; in the transition state of the cycloaddition the π 
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orbital of H2CO is coplanar with the U-NMe bond and in the transition state for cycloreversion the π 
orbital of H2CNMe is coplanar with the U-O bond. In the adducts, [U]NMe•OCH2 and 
[U]O•N(Me)CH2 the π orbitals of the organic molecules are orientated away from the uranium 
fragment. Thus, the free activation energies of these elementary steps are relatively low since they 
are associated with bond rotations that do not require significant electronic reorganisation.  
The net metathesis of an oxygen atom for a NMe group is exoergic because the UO bond is 
stronger than that of UNMe. The relatively low activation energies of the two elementary steps 
calculated for the reaction illustrated in eq 1, in which Ph2CO is replaced by H2CO, are consistent 
with the rapid reaction observed in the experimental exchange reaction in which no intermediates are 
observed in the 1H NMR spectrum. 
 
-34.8
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[U]NMe + H2CO
[U]NMe
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O CH2
NMe
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[U]O+ H2CNMe
-21.8
TS2
 
 
Figure 1. Free energy profile (∆G, kcal mol-1) for the reaction of Cp2UNMe with H2C=O to form 
Cp2UO and H2C=NMe, [U] = Cp2U.  
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Figure 2. Optimized geometries (distances in Å, angle in degrees) for the intermediates and 
transition states for the reaction of Cp2UNMe with H2C=O to form Cp2UO and H2C=NMe. Two 
views of the transition states TS1 and TS2 are shown. Black circles are used for the carbon atoms in 
H2CO and NMe, a red circle is used for oxygen, a blue circle is used for nitrogen, a yellow circle is 
used for uranium and white circles are used for of the carbon and the hydrogen atoms of the 
cyclopentadienyl ligand.  
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Reaction of Cp2UO and Cp2UNMe with MeC≡CMe 
The calculated free energy profiles for the reactions illustrated in eqs. 2 and 3 are shown in Figure 
3. The left-hand side of Figure 3 shows that the transformation in eq. 2 is thermodynamically  
Cp2UNMe + MeC≡CMe   Cp2UN(Me)C(Me)=C(Me)   (2) 
Cp2UO + MeC≡CMe   Cp2UOC(Me)=C(Me)   (3) 
favorable (∆G = -21.5 kcal mol-1) and the activation energy is only 11.7 kcal mol-1 from the 
separated reactants. These calculated free energies are in agreement with the experimental reaction 
in which the azametallocycle is isolated and therefore exists as a minimum on the potential energy 
surface. In solution, the azametallacyle, Cp’2UN(Me)C(Me)=C(Me) does not exchange, on the NMR 
time scale, with added dimethylacetylene or other substituted alkynes showing that the reaction in 
eq. 2 is not reversible consistent with the calculated values shown in Figure 3. Thus, the reaction 
between Cp2UNMe and MeC≡CMe gives a stable azametallacycle, whose structure, shown in Figure 
4, closely resembles that of the isolated metallacyle,2 which in turn resembles the intermediate in the 
metathesis reaction illustrated in eq. 1. 
 
 
MeMe
[U] O
[U] O
[U] O
[U] NMe
[U] NMe
[U] NMe
X = O, NMe
18.7
1.6
1.1
11.7
-21.5
+
2.7
0.
[U]-X
 
Figure 3. Free energy profile (∆G in kcal mol-1) for the 1,2 cycloaddition of dimethylacetylene to 
(a, left-hand side) Cp2UNMe and (b, right-hand side) Cp2UO, [U] = Cp2U. 
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Figure 4. Optimized structures of (a) the adduct [U]NMe•(MeC≡CMe), (b) the transition state for 
the cycloaddition and (c) the azametallacyclobutene in Figure 3. The color codes for the atoms is 
identical to that used in Figure 2.   
 
The calculated free energy profile for formation of an oxametallacyclobutane, shown in eq. 3, is 
illustrated on the right-hand side of Figure 3. The optimized geometries of all extrema are shown in 
the Figure S1 of the Supporting Information. The calculated free energy change is endoergic, 
consistent with the experimental result that dimethylacetylene does not react with the oxouranium 
metallocene even though the activation energy is less than that for the formation of the 
azametallacyclobutane. This clear cut result is due to the thermodynamic stability of the UO bond 
relative to that of the UNMe bond.  
 
Reaction of Cp2UO and Cp2UNMe with H3SiX ( X = Cl, H) 
The calculated free energy profiles for the reaction of Cp2UO and Cp2UNMe with H3SiCl is shown 
in Figure 5. The optimized geometries of all extrema are shown in the Figures S2 and S3 of the 
Supporting Information. The calculated reaction coordinate shows that both reactions are exoergic 
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by about -30 kcal mol-1. The activation energies for both reactions are low and the reactions are 
essentially barrierless. The computational results are surprising since the experimental result is that 
Me3SiCl reacts slowly with Cp’2UO but does not react with Cp’2UNMe or Cp’2UN(4-MeC6H4). It 
seems reasonable to suggest that the model calculation in which 1,2,4-(CMe3)3C5H2 is replaced by 
C5H5 and Me3Si by H3Si, greatly underestimates the steric effects involved in the transition state, that 
is, as Me3SiCl approaches the U-NMe fragment, the U-N-Me angle changes from 180° to about 120° 
as the N-SiMe3 bond develops. This motion moves the NMe group into the wedge of the [η5-1,2,4-
(CMe3)3C5H2]U fragment, resulting in a  transition state whose energy is much higher in the 
experimental system than in the calculated one.  
[U](NMe)
3.2
4.1
-34
2.4
4.1
-33
[U]-X
+
H3SiCl
ClSiH3
[U]{N(Me)(SiH3)}(Cl)
[U]O
ClSiH3
[U](OSiH3)(Cl)
TSTS
 
Figure 5. Free energy profile (∆G in kcal mol-1) for the 1,2 addition of H3SiCl to (a, left-hand 
side) Cp2UNMe and (b, right-hand side) Cp2UO, [U] = Cp2U. 
 
The calculated free energy profiles for the reaction of SiH4 with either Cp2UO or Cp2UNMe 
(Figures S4 and S5 in the Supporting Information show the geometries of the extrema) show that 
both reactions are endoergic, since a UH bond is weaker than a UCl bond.24 Although the reaction 
with SiH4 is not studied experimentally, the reaction of the dihydrogen, which is a useful model for 
SiH4, does not react with either metallocene derivative.  
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Figure 6. Free energy profile (∆G in kcal mol-1) for the 1,2 addition of H4Si to (a, left-hand side) 
Cp2UNMe and (b, right-hand side) Cp2UO, [U] = Cp2U. 
 
In summary, all of the calculated potential energy surfaces for these metathesis and addition 
reactions show that they are under thermodynamic control. Thus, the change in free energy between 
the initial and final states determines the net chemical reaction and the strength of the UO and 
UNMe bonds play a critical role. A corollary is that a bond model that describes the ground state 
electronic structures is essential in order to understand the reactions at the molecular level; such a 
model is described below. 
 
Calculated Molecular and Electronic Structure of Cp2UX (X = O, NMe) and validation of the 
DFT calculations. 
Cp2UO 
DFT calculations show that the ground state configuration is a triplet and the two unpaired 
electrons reside in two 5f orbitals. The first singlet state is calculated to be 39 kcal mol-1 higher  in 
energy at this level of calculation. The DFT optimized geometry of Cp2UO in the triplet state is 
shown as [U]O in Figure 2.  The calculated structure can only be compared to that of the 4-
dimethylaminopyridine adduct, Cp’2UO(4-(Me2N)pyridine), because the structure of base-free 
Cp’2UO is unknown. The calculated UO distance of 1.829 Å is close to the experimental value of 
1.860(3) Å and the average U-C(Cp) distance of 2.80 Å compares well with the experimental value 
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of 2.87 Å. The Cp-U-Cp angle of 121° is significantly smaller than the experimental value of 142°, 
which is expected since C5H5 is sterically smaller than the 1,2,4-tri-t-butylcyclopentadienyl ligands 
in the experimental system. The calculated, unscaled, UO stretching frequency of 811 cm-1 is in 
reasonable agreement with the experimental value of 760 cm-1 found for the pyridine adduct. Thus, 
the DFT calculation on the model, base-free complex Cp2UO reproduces the main geometrical 
features found in Cp’2UO(L). The agreement between the calculated and experimental UO stretching 
frequencies suggests that the shape of the potential energy surface for the UO bond is not influenced 
greatly by the presence of the Lewis base and that the UO stretching motion is not strongly coupled 
to the other stretching motions. 
The NBO analysis on Cp2UO shows that the uranium and oxygen atoms carry charges of +2.49 on 
uranium and –1.11 on oxygen; therefore the charge on the Cp2U fragment is +1.11 and each Cp-ring 
carries a charge of -0.7. The charge on U is rather large but significantly smaller than the value 
implied by the oxidation number. This is in contrast to the charge in, for example Cp2CeF or 
Cp2CeOMe, where the charge on Ce is closer to the oxidation number. The lower NBO charge to 
oxidation number ratio (0.62) in Cp2UO, relative to that found in Cp2CeF or Cp2CeOMe (0.85) 
corresponds to the traditional view that the bonding in actinide metal compounds utilizes the 5f-
electrons whereas the 4f-electrons in the lanthanide metals are essentially core electrons and are little 
used in 4f-metal to ligand bonds.25  These two bonding types are usually described by the vague and 
imprecise terms “covalent” and “ionic” bonding that may be quantitatively expressed by the 
NBO/oxidation number ratio; the lower the ratio, the more covalent the bond due greater sharing of 
electrons, or co-valence.  
In Cp2UO, the NBO charges show that the U-O bond is a σ bond constructed from 80% of the 
oxygen atom (95%p + 5% s) and 20% from a uranium hybrid orbital largely made from 5f orbitals 
with a small contribution (8%) from the 6d orbitals. The σ bond is strongly polarized toward the 
oxygen atom and the other six electrons on oxygen are non-bonding lone pairs, one along and two 
perpendicular to the U-O axis. The donor-acceptor interaction between the oxygen lone pairs and the 
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uranium fragment is small since a second order perturbation analysis of the bonding shows that the 
three lone pairs transfer a total of only 0.2 electrons to uranium. Therefore, the interaction between 
U and O is a single U-O σ bond polarized toward oxygen and the U-O bond enthalpy results mainly 
from a Coulombic attraction between the oppositely charged atoms over a short distance augmented 
by a small orbital contribution, resulting in a small amount of covalence in the bond. This bond 
model supports the view that the resonance structure Cp2U(+)-O(-) dominates Cp2U=O. 
A multi-configurational localized orbital calculation on the DFT optimized geometry supports the 
model of the U-O bond derived from the DFT calculations. A CAS(2,7) distributing two electrons 
among the seven 5f orbitals has been carried out. It confirms the triplet nature of the ground state 
with two unpaired electrons and more importantly shows that this state is properly described by a 
single reference configuration (85%) with a contribution of only 15% from another configuration, 
both of which involve only f orbitals. The localized orbitals show the presence of three lone pairs on 
oxygen and a σ bond between Cp2U and O. Furthermore, a geometry optimization at the CASSCF 
level gives a geometry similar to that obtained from the DFT calculations. These results validate the 
use of DFT for Cp2UO.  
 
Cp2UNMe 
The calculated geometrical parameters are in satisfactory agreement with those obtained for 
Cp’2U(N-4-MeC6H4), since the crystal structure of Cp’2UNMe is unknown. The calculated U-N 
distance of 1.982 Å agrees with the experimental value of 1.988(5) Å and the calculated U-N-C(Me) 
angle of 180° agrees with the experimental value for U-N-C(4-MeC6H4) of 172.3(5)°.   
An NBO analysis gives a charge of +2.38 on U, -0.70 on Cp so that the total negative charge on 
Cp2U is +0.99,  –1.15 on N and +0.16 on the methyl group so that the total negative charge on the 
nitrene fragment is -0.99. The NBO charge to oxidation number ratio in the NMe metallocene of 
0.60 implies that the UNMe bond is slightly more covalent than the U-O bond, where the ratio is 
0.62. This deduction is supported by the NBO analysis, which shows the presence of σ− and π-
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bonds; the σ bond is built from 51% of the nitrogen p orbital and 49% of the uranium 5f (97%) and 
6d (3%) orbitals. The π bond, which is built from 80% of the nitrogen p orbital and 20% of the 
uranium 5f (78%) and 6d (22%) orbitals, is polarized towards nitrogen. In addition, second 
perturbation shows that the lone pair located on nitrogen has 62% s and 38 % p character and this 
hybridization is different from that used by nitrogen to build the U-N double bond. This lone pair 
interacts with an empty orbital on uranium made from 7s, 6d and 5f contributions; this delocalization 
accounts for the linear UNMe geometry.  
The multi-configurational, localized-orbital calculation on the geometry optimized from the DFT 
calculations gives a triplet electronic ground state as in Cp2UO. The triplet ground state is a 
combination of two determinants (85% and 15%) as in Cp2UO. Furthermore the geometry 
optimization at the CASSCF level gives a geometry identical to that obtained at the DFT level. The 
localized orbitals show a UN double bond and a lone pair on the NMe fragment. Thus, the bonding 
picture for the imido metallocenes derived from the DFT agrees with the multi-configurational 
calculations, which validates the use of DFT calculations for Cp2UNMe. 
CASSCF(2,7) calculations also were carried out on the products of reactions of Cp2UO with SiH4 
and H3SiCl and for Cp2UNMe with SiH4, all other molecules being too large for a CASSCF 
calculations. In all cases, a triplet state, dominated by a single configuration was found as the 
electronic ground state, which validates the use of the DFT method for the potential energy surfaces 
of the reactions.  
 
Comparison of the bonding mode in Cp2UO and Cp2UNMe 
Although the NBO charges on the Cp2U fragments in these two metallocene derivatives are 
similar, the nature of their chemical bonds is different and the UNMe bond is thermodynamically 
weaker than the UO bond. In molecular orbital language, the UO bond in Cp2UO may be formulated 
by combining the Cp2U(2+) and O(2-) fragments as shown in Figure 7. The U-O bond is largely oxygen 
in character and the electrons in the px and py orbitals are largely non-bonding. The molecular orbital 
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description of the UNMe bond is rather different since the orbitals on the NMe(2-) fragment are closer 
in energy to those of the Cp2U(2+) fragment orbitals; the experimental electron affinity of O is 1.46 
eV and that of NMe is 0.02 eV8 resulting in a UNMe bond that is more covalent.  
 
NMe
a1
a1
b1b2
5f
6d
a1 b2 a1
b1 a2
a1
a1
b1b2
OU Cp2UOCp2UNMe
2+2- 2-
 
Figure 7. Schematic representation of the fragments molecular orbitals of [U], O and NMe, which 
combine to form [U]O and [U]NMe in C2v symmetry. Only the metal centered orbitals are shown 
and all of the orbitals shown for NMe and O are doubly occupied. The absence of correlation lines 
for the b1 and b2 orbitals in the case of oxygen indicates that these oxygen orbitals are non bonding 
lone pairs.  
 
The bonding in the four-member ring metallacycles formed from the addition of 
dimethylacetylene to [U]O or [U]NMe, has no remarkable features. The [U]-O and [U]-N bonds are 
longer than in the corresponding reactants, which weakens them; a similar comment applies to 
[U](Cl)(OSiH3) and [U](Cl){N(Me)(SiH3)}.   
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Origin of the reactivity difference between Cp2UO and Cp2UNMe. 
The reaction of Cp2UO and Cp2UNMe with dimethylacetylene is the 1,2 addition of a polar U-X 
bond, in each case, to a non polar triple bond. The UO and UNMe bond can use more than one 
orbital in the cycloaddition process, and no symmetry restriction governs this process and the 
reaction cannot be considered forbidden. Accordingly, the activation energies are modest in each 
case. The difference in the net reactions, viz., Cp2UNMe forms a cycloadduct and Cp2UO does not, 
is associated with the net enthalpy changes. The bond analysis of Cp2UO shows the presence of a 
single U-O bond with non bonding lone pairs on oxygen. In contrast, the bond analysis of Cp2UNMe 
shows the presence of a double UNMe bond and a lone pair on the NMe fragment. The calculated 
heat of reaction between Cp2UNMe and Ph2CO to form Cp2UO and Ph2CNMe shows that the UO 
bond is stronger than the UNMe bond by about 71 kcal mol-1. Therefore, it is not surprising that the 
UO bond is unreactive since it has to overcome this energy penalty.  
The reaction of Cp2UO or Cp2UNMe with H3SiCl is a 1,2 addition reaction in which the Si-Cl 
bond adds to the UO or UNMe fragments. These net reactions are essentially barrierless and equally 
exoergic, a consequence of the formation of strong U-Cl, UO-Si and UN-Si bonds. The 
thermochemistry of the 1,2-addition reactions is different from that of the cycloaddition reactions 
although the two types of reactions proceed through metathesis-like transition states. The 
experimental outcome of the reaction of Me3SiCl with Cp’2UO or Cp’2UNMe (Cp’ = 1,2,4-tri-t-
butylcyclopentadienyl) is however different from the calculational outcome, since although 
Cp’2U(OSiR3)Cl forms and Cp’2UN(SiR3)Cl does not, a result most reasonably ascribed to steric 
effects. In the case of SiH4, the calculations indicate that the reaction with Cp2UO and Cp2UNMe is 
endoergic, the result of the weaker UH bond relative to a UCl bond.  
 
Summary 
The calculated free energy profiles for the reaction between Cp2UNMe with ketones and 
acetylenes and Cp2UO with silylhalides show that the reactions are under thermodynamic control 
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since the reactions proceed with modest activation free energies. The calculated results mirror the 
experimental results for [1,2,4-(CMe3)3C5H2]2UNMe with benzophenone and dimethylacetylene and 
for [1,2,4-(CMe3)3C5H2]2UO with Me3SiCl. The origin of the reactivity differences is traced to the 
strength of the UO bond relative to that of the UNMe bond.  The stronger UO bond is not a “double 
bond” but it is a strongly polarized one in which the dominant resonance structure is Cp2U(+)-O(-), 
presumably due to the large electronegativity of the oxygen atom. On the other hand, the 
thermodynamically weaker UNMe bond has more “double bond” character, the net result of the 
lower electronegativity of the NMe group. Thus, these bonds display different reactivity patterns 
because of their different bond strengths and these differences are not related to the multiple bond 
character.  
Experimental Details  
The experimental studies were carried out as previously described. 1,2 The reaction of Cp’2UNMe, 
Cp’2UO, or Cp’2UO(4-(Me2N)C6H4) in presence of BPh3, with dihydrogen or dideuterium was 
carried out in a sealed NMR tube at 1 atm total pressure in C6D6.   
Reaction of [η5-1,2,4-(CMe3)3C5H2]2UN(4-(MeO)C6H4) with Ph2CO. NMR Scale. To an NMR 
tube charged with [η5-1,2,4-(CMe3)3C5H2]2UN(4-(MeO)C6H4) (17 mg, 0.02 mmol) and C6D6 (0.5 
mL) was added benzophenone (3.6 mg, 0.02 mmol). The color of the solution immediately changed 
from dark brown to brown-red. The 1H NMR spectrum contained resonances due to [η5-1,2,4-
(CMe3)3C5H2]2UO and Ph2C=N-4-(MeO)C6H426 (1H NMR (C6D6): δ 7.94 (m, 2H, aryl H), 7.03-6.87 
(m, 8H, aryl H), 6.74 (m, 1H, aryl H), 6.57 (m, 1H, aryl H), 6.37 (m, 2H, aryl H), 3.45 (s, 3H, CH3)) 
(100% conversion relative to an internal standard). 
Reaction of [η5-1,2,4-(CMe3)3C5H2]2UN(4-(Me2N)C6H4) with Ph2CO. NMR Scale. To an NMR 
tube charged with [η5-1,2,4-(CMe3)3C5H2]2UN(4-(Me2N)C6H4) (18 mg, 0.02 mmol) and C6D6(0.5 
mL) was added benzophenone (3.6 mg, 0.02 mmol). The color of the solution immediately changed 
from dark brown to brown-red. The 1H NMR spectrum contained resonances due to [η5-1,2,4-
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(CMe3)3C5H2]2UO and Ph2C=N-4-(Me2N)C6H427 (1H NMR (C6D6): δ 7.92 (m, 2H, aryl H), 6.97 (m, 
6H, aryl H), 6.84 (m, 2H, aryl H), 6.71 (m, 1H, aryl H), 6.55 (m, 1H, aryl H), 6.37 (m, 2H, aryl H), 
3.19 (s, 6H, CH3)) (100% conversion relative to an internal standard). 
Computational Details 
The Stuttgart-Dresden-Bonn small core Relativistic Effective Core Potential (RECP) has been 
used to represent the 78 core electrons of U, leaving 14 valence electrons in the 6s, 6p, 5f, 6d, and 7s 
shells.28 The associated basis set, including up to g functions, has been used to represent the valence 
orbitals. C, N, O and H have been represented by an all-electron 6-31G(d, p) basis set.29 Si and Cl 
atoms were also treated with a large core RECP in combination with the adapted basis set,30 
augmented by a polarization d function (Si, exp  = 0.284), Cl exp  = 0.643.31 Calculations have been 
carried out at the DFT(B3PW91) level32 with Gaussian 03.33 The nature of the extrema (minimum or 
transition state) has been established with analytical frequency calculations and the intrinsic reaction 
coordinate (IRC) has been followed to confirm that transition states connect to reactants and 
products. The zero point energy (ZPE) and entropic contribution have been estimated within the 
harmonic potential approximation. The Gibbs free energy, ∆G, was calculated for T = 298.15K and 
1 atm. The NBO analysis was carried out.34  
The validity of the DFT approach was determined by a wave function based method. The SCF 
calculations were carried out with the MOLCAS 6 suite of programs35 and the subsequent CASSCF 
calculations with localized orbitals were performed with the NOSCF program.36 In these calculations 
the U atom was treated with an ab-initio model potential (AIMP)37 including 78 electrons in core 
with the associated basis sets.  The C, N O and H atoms were represented with ANO type basis 
sets.38 The CASSCF(2,7) calculations, carried out on the DFT optimized geometry, revealed that two 
configurations had to be considered. Consequently the geometry optimization at the CAS level was 
carried out for a CASSCF(2,2) for selected cases.  
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Supplementary Information: Optimized geometries of the intermediates and transition states for 
the reactions of Cp2UO and MeC≡CMe (Figure S1), Cp2UO and H3SiCl (Figure S2), Cp2UMe and 
H3SiCl (Figure S3), Cp2UO and SiH4 (Figure S4), Cp2UMe and SiH4 (Figure S5). Full list of authors 
for Gaussian 03. List of coordinates, Energy and free energy of all optimized species. 
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